Background/Objectives: Total homocysteine (tHcy) has been associated with increased risk of several diseases in the general population. It is not clear whether these associations are causal. A less healthy lifestyle as well as a less favorable biological risk factor profile have been related to increased tHcy in cross-sectional studies. In addition, the methylenetetrahydrofolate reductase (MTHFR) C677T gene variant is an important determinant of elevated tHcy. The main objective of the study was to examine the effect of changes in biological risk factors and lifestyle on tHcy in relation to MTHFR C677T genotype. Subjects/Methods: The study is a population-based study including 1805 men and women aged 30-60 years participating in a health examination at baseline (1999)(2000)(2001) and at a 5-year follow-up examination. Results: Changes in tHcy were not associated with changes in dietary habits, physical activity, smoking status, coffee, tea, total alcohol or wine consumption. An inverse relationship was observed between changes in tHcy and changes in the intake of beer in TT individuals but not in CC/CT individuals (P interaction ¼ 0.01). In addition, changes in tHcy were positively associated with changes in several biological risk factors, such as waist circumference, diastolic blood pressure, total cholesterol and LDL cholesterol (Po0.01). The association between waist circumference and MTHFR genotype seemed stronger in TT individuals than in CC/CT individuals (P interaction ¼ 0.03). Conclusions: tHcy was not influenced by lifestyle changes except for the inverse association between beer consumption and tHcy observed in TT individuals. This suggests that tHcy is not a mediator in the causal pathway between lifestyle and lifestylerelated diseases such as cardiovascular disease in accordance with results of recent randomized trials. However, tHcy was related to changes in several biological risk factors, suggesting that tHcy may be a good predictor or marker of disease.
Introduction
Total homocysteine (tHcy) has been associated with increased risk of several diseases in the general population, such as cardiovascular disease (CVD), adverse pregnancy outcomes, cancer, osteoporosis and cognitive decline in the elderly (Boushey et al., 1995; Vollset et al., 2000; Duthie et al., 2002; Ford et al., 2002; Meleady et al., 2003; McLean et al., 2004) . It is not clear whether these associations are causal. Regarding CVD, recent evidence from randomized controlled trials suggests that elevated tHcy might be an epiphenomenon (Toole et al., 2004; Bonaa et al., 2006; Lonn et al., 2006) . However, tHcy may still be a good predictor of CVD. It is therefore relevant to identify factors that influence tHcy.
Lifestyle factors such as vitamin intake, smoking, physical activity, and consumption of alcohol, coffee and tea have been related to tHcy in several cross-sectional populationbased studies (Nygard et al., 1998; El Khairy et al., 1999; Rasmussen et al., 2000; de Bree et al., 2001b; Saw et al., 2001; Husemoen et al., 2004) . Moreover, tHcy has also been associated with various lifestyle-related biological risk factors such as blood pressure, cholesterol and different measures of body weight (Nygard et al., 1995; Jacques et al., 2001; Panagiotakos et al., 2005) . It has been shown that folic acid and B12 supplements effectively reduce tHcy in randomized controlled trials (Homocysteine Lowering Trialists Collaboration 1998) . Only very few studies have examined whether an altered lifestyle and changes in lifestyle-related factors are associated with changes in tHcy (Nurk et al., 2004; Husemoen et al., 2006) . The thermolabile variant of the methylenetetrahydrofolate reductase (MTHFR C677T, rs1801133) (Frosst et al., 1995) , a regulating enzyme in tHcy metabolism, has been shown to modify the relation between several lifestyle factors and tHcy (Jacques et al., 1996; Hustad et al., 2000; Jacques et al., 2002; Husemoen et al., 2004) . Thus, the effect of the changes in lifestyle-related factors on tHcy may depend on MTHFR C677T genotype.
The aim of the study was to examine the effect of changes in lifestyle and lifestyle-related biological risk factors on tHcy after 5 years of follow-up in a population-based sample of 1805 Danish men and women. In addition, we tested for effect modification by the MTHFR C677T polymorphism.
Patients and methods

Study population
The current study is based on a sub-sample of participants in the Inter99 study, a population-based randomized controlled trial, investigating the effect of lifestyle intervention (smoking cessation, increased physical activity and healthier dietary habits) on CVD . The Inter99 study population were residents in the southern part of the former Copenhagen County drawn from the Civil Registration System, and invited to participate in a health examination during 1999-2001. The entire study population was prerandomized into two groups: a high (90% of the population) and a low (10% of the population) intensity lifestyle intervention. The current sub-sample consisted of an ageand sex-stratified random sample of 6508 men and women aged 30, 35, 40, 45, 50, 55 and 60 years a priori selected for tHcy determination. A total of 6457 patients were eligible for invitation. The baseline participation rate was 49.2% (n ¼ 3.177) (Husemoen et al., 2003) . Data were collected with a self-administered questionnaire, a physical examination and blood tests. The participants were also given a lifestyle consultation with personal health advice and an individual ischemic heart disease risk assessment using the computer program PRECARD (Centre for Preventive Medicine, Medical Dept. M, Glostrup University Hospital, Denmark) and the Copenhagen Risk Score (Thomsen et al., 2001) . Only participants at a high risk of ischemic heart disease risk were included for lifestyle intervention (n ¼ 1850). The high intensity intervention group was offered lifestyle counselling in groups on smoking cessation and physical activity/diet over a 6-month period. The low intensity intervention group was referred to their GP (Husemoen et al., 2003; Jorgensen et al., 2003) . After 5 years (median: 5.5 years; range: 5.0-6.0 years) of follow-up, all participants were invited for a re-examination including essentially the same questionnaires and examinations. The number of participants at the 5-year follow-up examination was 2103. A total of 298 participants were excluded due to missing data on tHcy either at baseline or at follow-up, leaving 1805 persons for statistical analyses.
Homocysteine
Baseline tHcy was determined using Abbott's fully automated IMx Homocysteine FPIA (Fluorescent Polarization Immuno Assay) (Abbott Laboratories, Abbot Park, IL, USA). At followup, tHcy were determined by an enzymatic technique using a Hitachi 912 system (Roche Diagnostics, Hvidovre, Denmark). Absolute changes in tHcy were defined as tHcy follow-up ÀtHcy baseline . Percentage change in tHcy was defined as ((tHcy follow-up /tHcy baseline )À1) Â 100%. Log-transformed tHcy values were used in the regression analyses.
MTHFR C677T
The presence of the MTHFR C677T mutation (rs1801133) was determined by PCR followed by restriction fragment length polymorphism as described previously (Husemoen et al., 2003) .
Dietary habits
On the basis of the responses to qualitative questions about intake of fruit, vegetables, fish and saturated fat, a dietary quality score was calculated as described by Toft et al. (2007) . Changes in dietary habits between baseline and follow-up were categorized into the following four categories: (1) unchanged less healthy or average dietary habits, (2) unchanged healthy dietary habits, (3) healthier dietary habits and (4) unhealthier dietary habits. Moreover, changes in fruit and vegetables were calculated and categorized into the following four categories: (1) unchanged low or very low intake, (2) unchanged moderate or high intake, (3) increased intake and (4) decreased intake. In addition, self-reported change in dietary habits was recorded.
Smoking
Smoking status was recorded as never smokers, ex-smokers, occasional smokers (o1 g tobacco per day) and daily smokers. Changes in smoking habits between baseline and follow-up were defined into the following five categories: (1) unchanged non-smoking, (2) unchanged occasional smoking, (3) unchanged smoking, (4) stopped smoking and (5) started smoking between the two examinations. Serum cotinine measurements were used to validate the self-reported smoking cessation as described previously (Husemoen et al., 2006) . A total of 20 participants (12.1%) reporting smoking cessation did not meet the validation criteria.
In addition, approximate number of grams of tobacco per day was calculated (1 cigarette ¼ 1 g, 1 g pipe tobacco ¼ 1 g, 1 cheroot ¼ 3 g, 1 cigar ¼ 5 g) (Schmölker and Fagerstrom 2000) . Changes in grams were computed as follow-up values minus baseline values and categorized as (1) unchanged nonsmoking, (2) unchanged occasional smoking, (3) unchanged tobacco consumption ( ± 1 g), (4) decreased tobacco consumption (oÀ1 g) and (5) increased tobacco consumption (41 g).
Physical activity
Total physical activity (minutes per week) was calculated on the basis of a question on commuting physical activity and a question on leisure time physical activity including walking, gardening and so on, as described by von Huth et al. (2007) . Total physical activity was grouped into the following four categories: (1) very low (0-2 h/week), (2) low (2-4 h/week), (3) moderate (4-7 h/week) and (4) high (7-12 h/week) (von Huth et al., 2007) . Change in physical activity was classified into the following four groups based on the total physical activity at baseline and follow-up: (1) unchanged low or very low activity, (2) unchanged moderate or high activity, (3) decreased activity and (4) increased activity. In addition, self-reported change in physical activity was recorded (Aadahl et al., 2009 ).
Alcohol, coffee and tea
The average amount and type (beer, wine or spirit) of alcoholic beverage consumed per week during the last 12 months were recorded. One beer, one glass of wine or one glass of spirit was approximated to one standard drink (1.5 cl or 12 g of pure ethanol). Coffee and tea was recorded as mean number of cups per day. Changes in consumption of coffee, tea, total alcohol, beer and wine were categorized as follows:
(1) unchanged non-drinking, (2) unchanged intake ( ± 1 cup per day or standard drink per week), (3) increased intake (41 cup per day or standard drink per week) and (4) decreased intake (oÀ1 cup per day or standard drink per week). In addition, self-reported changes in alcohol intake were recorded.
Biological risk factors
Biological risk factors (weight, waist circumference, blood pressure and lipids) were measured by standardized protocols as described previously (Husemoen et al., 2004) . Changes were calculated as follow-up values minus baseline values.
Statistical analyses
Statistics were computed with the statistical program SAS, version 9.1 (SAS Institute Inc, Cary, NC, USA). All P-values reported are two-tailed, and statistical significance was defined as Po0.05. Persons with the CC and CT genotypes were grouped in the statistical analyses.
Non-parametric crude comparisons were conducted using the Kruskall-Wallis test for continuous outcome variables, and the w 2 -test for frequency outcomes. The associations between lifestyle changes and changes in tHcy were evaluated in a series of crude and adjusted regression models using the SAS PROC GLM procedure. THcy at follow-up (log-transformed) was the outcome variable and all models were adjusted for the baseline tHcy (log-transformed) to adjust for regression to the mean, thereby, allowing for interpretation of change in explanatory variables as the effect of change in tHcy from baseline to follow-up (Vickers and Altman, 2001 ). Regression models were adjusted for differences in follow-up time, intervention group, sex, age group, MTHFR C677T genotype and for changes in the other lifestyle factors to reduce confounding. Effect modifications by MTHFR C677T genotype were evaluated by assessing the P-values of the respective interaction terms (MTHFR * lifestyle) in the regression models, or by stratification by MTHFR C677T genotype.
The associations between changes in lifestyle-related biological risk factors and changes in tHcy were examined in similar models. Persons receiving blood pressure-and/or lipid-lowering drugs were excluded in models including blood pressure and/or lipids.
F-tests and Wald's tests for single parameters were used to test for significance in the regression analyses.
Results
Participants and non-participants at the 5-year follow-up examination differed significantly with respect to baseline characteristics. In general, non-participants seemed to have a less healthy lifestyle and a more unfavorable biological risk factor profile (data not shown). In addition, non-participants were more likely to be women and younger of age. MTHFR C677T genotype and intervention intensity group were not significantly related to participation.
Thus the current study, population consisted of 893 (49.5%) men and 912 (50.5%) women with a mean age of 46.7 (range: 29.7-60.7) years at baseline. The prevalence of the MTHFR C677T genotypes was as follows: 863 (49.4%) CC, 742 (42.5%) CT and 142 (8.1%) TT. Lifestyle and risk factor characteristics of the persons participating in both the baseline and the follow-up examinations are shown in Table 1 . Overall, the study participants seemed to have improved their lifestyle and biological risk factor profile during the 5-year follow-up period (Table 1) However, no significant difference was seen after adjusting for regression to the mean (P crude regression analyses ¼ 0.78). Changes in tHcy during follow-up also depended on sex and age group. THcy increased more in the older age group than in the younger (P crude analyses o0.01) and more in men (P crude analyses o0.01) compared than in women. Changes in tHcy did not depend on differences in follow-up time (P crude analyses ¼ 0.52) or whether a person was randomized to high or low intensity lifestyle intervention (P crude analyses ¼ 0.30). Moreover, changes in dietary habits, physical activity, smoking status, and coffee, tea and wine consumption were not significantly associated with changes in tHcy ( Table 2 ). In addition, no associations were observed between changes in fruit and vegetable intake, tobacco consumption, total alcohol intake, and self-perceived changes in dietary habits, physical activity, or alcohol consumption and changes in tHcy (data not shown). Changes in beer consumption did not seem to be related to changes in tHcy (Table 2) . However, a statistically significant interaction was observed between change in beer consumption and MTHFR C677T genotype (P interaction, crude analyses ¼ 0.01) ( Table 3) . Analyses stratified by MTHFR C677T genotype showed that beer drinking had a protective effect among persons with the MTHFR TT genotype, but not among CC/CT individuals (Table 3) . In other words, TT individuals drinking more beer had a decrease in tHcy, whereas TT individuals drinking less beer had an increase in tHcy when compared with TT individuals having unchanged beer consumption (Table 3) . Adjustment for differences in sex, age, follow-up time, intervention group and changes in other lifestyle factors did not attenuate the association, and the test for interaction remained statistically significant (P interaction, adjusted analyses o0.01) ( Table 3) . None of the other examined MTHFR * lifestyle interactions were regarded as significant.
Changes in tHcy were associated with several lifestylerelated biological risk factors (Table 4) . Changes in systolic and diastolic blood pressure, total cholesterol and LDL cholesterol were positively, and HDL negatively, associated with changes in tHcy in crude analyses (Table 4 ). In addition, a significant interaction was observed between MTHFR C677T genotype and changes in waist circumference (P interaction, crude analyses ¼ 0.01). Changes in waist circumference were positively associated with changes in tHcy especially among TT individuals (Table 4 ). Only changes in diastolic blood pressure, total cholesterol and LDL cholesterol, and the interaction between waist circumference and MTHFR remained statistically significant after adjustment for confounders (Table 4) .
Discussion
We examined the effect of lifestyle changes on tHcy after 5 years of follow-up. No significant associations were observed between changes in tHcy and changes in dietary habits, physical activity, smoking status, and coffee, tea, total alcohol or wine consumption. An inverse relationship was observed between changes in tHcy and changes in the intake Lifestyle changes and homocysteine LLN Husemoen et al of beer in TT individuals but not in CC/CT individuals. In addition, changes in tHcy were positively associated with changes in several biological risk factors, such as waist circumference, diastolic blood pressure, total cholesterol and LDL cholesterol. The association between waist circumference and MTHFR seemed stronger in TT individuals compared with that in CC/CT individuals.
The results from the current study indicate that tHcy is not influenced greatly by lifestyle changes, suggesting in accordance with recent randomized trials that tHcy is not a mediator in the causal pathway between lifestyle and lifestyle-related diseases such as CVD (Toole et al., 2004; Bonaa et al., 2006; Lonn et al., 2006) . However, tHcy may be a good predictor or marker of disease, as changes in tHcy was Lifestyle changes and homocysteine LLN Husemoen et al related to changes in several biological risk factors. Our results confirm the previous results obtained in the same cohort after 1 years of follow-up (Husemoen et al., 2004) . These results are in contrast with the strong associations between tHcy and lifestyle factors that we and others have observed in cross-sectional studies (Nygard et al., 1995; Nygard et al., 1997; Nygard et al., 1998; Rasmussen et al., 2000; de Bree et al., 2001b; Jacques et al., 2001; Saw et al., 2001; Husemoen et al., 2004) . However, the Hordaland Homocysteine study also reported that changes in tHcy were modest in comparison with the effects of health behaviors observed in cross-sectional studies (Nurk et al., 2004) . One potential explanation for the discrepancy may be that the tHcy-lifestyle associations observed in cross-sectional studies are perhaps not causal, but instead because of residual confounding by for example vitamin intake.
The finding that increased beer consumption was associated with a reduction in tHcy compared with the decreased or unchanged intake is in agreement with results from several cross-sectional studies, as well as a single randomized trial (van der Gaag et al., 2000) . Neither changes in total alcohol intake nor wine intake were associated with changes in tHcy, suggesting that the high concentrations of B vitamins present in beer may be responsible for the inverse relationship, rather than an effect of ethanol. Moreover, the effect of beer was only seen in TT individuals, which agrees with the fact that TT individuals are more responsive to B vitamin intake (Jacques et al., 1996; Hustad et al., 2000; Jacques et al., 2002) . Randomized controlled trials evaluating the effects of various lifestyle factors have been contradictory. Especially, the results from trials examining the relationships between tHcy and smoking, physical activity, and alcoholic beverages have been inconsistent (Wright et al., 1998; van der Gaag et al., 2000; Bleich et al., 2001; Stein et al., 2002; Tonstad and Urdal, 2002; Beulens et al., 2005) . However, a tHcy rising effect of coffee drinking has in contrast to our observations been found in two individual trials.
The observed associations between changes in tHcy and changes in biological risk factors are in agreement with several cross-sectional studies (Nygard et al., 1995; de Bree et al., 2001a) and confirm our previous findings of a relationship between changes in tHcy and changes in blood pressure and the lipid profile reported after 1 year of followup (Husemoen et al., 2006) . The inverse relationship between weight reduction and changes in tHcy observed after 1 year was not confirmed. However, we did not adjust for cysteine, which has been shown to confound this relationship (Elshorbagy et al., 2008) .
Our study has several limitations that need to be addressed. First, differential reporting bias may have affected the results. Participants may have over-reported healthier lifestyles at follow-up not to disappoint the investigators (social desirability bias). This is supported by the finding that 12.1% of the participants reporting smoking cessation actually did still smoke according to cotinine measurements. Unfortunately, we had no possibility of validating the data on the other lifestyle changes.
Moreover, the magnitude of the lifestyle changes observed in the current study was perhaps too small to produce a significant change in tHcy. Also, non-differential random measurement errors leading to misclassification of lifestyle changes and regression dilution bias may have weakened the effect estimates. However, the lifestyle changes did show an effect on other biological risk factors (data not shown), suggesting that the lack of associations is not due to inaccurate assessment of lifestyle changes. In addition, errors in measurement of tHcy may have affected the results, although we tried to adjust for regression towards the mean (Clarke et al., 1999; Clarke et al., 2001 ) by including baseline tHcy in the regression analyses (Vickers and Altman, 2001) .
Confounding by vitamin intake may also be responsible for the non-relationships between tHcy and lifestyle changes observed in the current study. Participants may have changed their vitamin intake during the follow-up and perhaps started taking supplements to improve their health in a relatively easy way. Unfortunately, we had no information on supplement use.
Finally, several lifestyle factors have been reported to interact with MTHFR C677T genotype (Brown et al., 2004; Dedoussis et al., 2004; Husemoen et al., 2004; Strandhagen et al., 2004) . The associations between lifestyle factors and tHcy seem stronger in TT individuals compared with that in CC and CT individuals. Hence, it is possible that an effect of lifestyle modification restricted to persons with the TT genotype (n ¼ 142) may have been missed due to low power.
In conclusion, tHcy was not influenced by lifestyle changes except for the inverse association between beer consumption and tHcy observed in TT individuals. This suggests that tHcy is not a mediator in the causal pathway between lifestyle and lifestyle-related diseases such as CVD in accordance with recent randomized trials. However, tHcy was related to changes in several biological risk factors, suggesting that tHcy may be a good predictor or marker of disease.
